The possibility of simulating flooding in the Huong River basin, Vietnam, was examined using quantitative precipitation forecasts at regional and global scales. Raingauge and satellite products were used for observed rainfall. To make maximum use of the spatial heterogeneity of the different types of rainfall data, a distributed hydrological model was set up to represent the hydrological processes. In this way, streamflow simulated using the rainfall data was compared with that observed in situ. The forecast on a global scale showed better performance during normal flow peak simulations than during extreme events. In contrast, it was found that during an extreme flood peak, the use of regional forecasts and satellite data gives results that are in close agreement with results using raingauge data. Using the simulated overflow volumes recorded at the control point downstream, inundation areas were then estimated using topographic characteristics. This study is the first step in developing a future efficient early warning system and evacuation strategy. Résumé L'aptitude à simuler les inondations dans le bassin de la Rivière Huong à l'aide de prévisions quantitatives des précipitations aux échelles régionale et globale est examinée. Les pluies ont été observées par des pluviomètres et par des traitements d'informations satellitales. Afin de valoriser au maximum l'hétérogénéité spatiale des données de pluie de différents types, un modèle hydrologique distribué a été implanté pour représenter les processus hydrologiques. Ainsi, les écoulements simulés à partir des données de pluie ont été comparées avec les écoulements observés in situ. La prévision à l'échelle globale a une meilleure performance pour les simulations des pics de débit normaux que pour les événements extrêmes. Par contre, il apparaît que durant un pic de crue extrême, la prise en compte de prévisions régionales et de données satellitales donne des résultats du même ordre que la prise en compte des données des pluviomètres. A l'aide des volumes écoulés simulés au niveau du point de contrôle aval, les zones inondées sont alors estimées sur la base des caractéristiques topographiques. Cette étude est la première étape vers le développement d'un système d'alerte précoce efficace et d'une stratégie d'évacuation.
INTRODUCTION
Tropical cyclones, also known as typhoons in South-East Asia, bring heavy rainfall and subsequent flooding. The Huong River basin, located in Thua Thien Hue Province in central Vietnam, is not exempted. Floods have resulted in human casualties and material losses in the city of Hue. The total population of the province is around 1 120 000, of which 340 000 are in Hue City. About two-thirds of the population in Hue are exposed to flooding during extreme rainfall events, as has been highlighted (NCAP, 2005) . The history of the old capital Hue describes how, between 1801 and 1888, Hue and its surrounding area were severely hit by 40 high floods. Heavy rain storms and high floods also occurred in September 1953 and October 1975 . Lately, major events have occurred in 1983 , 1989 and 1999 , when the water level in Hue exceeded that corresponding to flood alarm Level 3. This level is understood as representing very dangerous conditions, with areas inundated by more than 3 m of water. The warning system is referenced to the water level at Kim Long station which is situated 4 km upstream of the centre of Hue. In November 1999, the worst floods in a century occurred in central Vietnam, causing initial damage of more than US$200 million and destroying or damaging 630 000 homes. The week of flooding killed at least 547 people and left dozens missing, and the rice paddy losses reached 750 000 km 2 . Streamflow forecasts and inundation water levels play key roles in the issuing of early flood warnings and in evacuation plans aimed at reducing damage. However, real-time rainfall forecasts may be overlooked when making decisions in time to reduce catastrophic damage. The uncertainties that emerge from flood forecasting need to be quantified and considered using, for example, a probabilistic approach rather than a deterministic one (Ntelekos et al., 2006) . A rainfall-runoff model is needed to transform rainfall into river streamflow and water levels. Moreover, to address real-world flood forecasting, the predictive uncertainty should be available to support decision makers (Todini, 2007) . Before implementing a real-time forecasting operation, a simulation should be carried out to show that the quantitative precipitation forecast is useful to extend the lead time (Saavedra et al., 2009) . The flood event in Vietnam at the beginning of November 1999 was simulated by Villegas (2004) with a hydrological model that used observed raingauge and remote sensing data. However, this sort of forecast information was not used. The actual forecast operation is carried out by the National Center for Hydro-Meteorological Forecasting (NCHMF) of Vietnam at offices in Hanoi and Hue. They use both real-time observation at raingauges and water levels at upstream stations. River streamflow is only forecast upstream, using a lumped model, and the water level is estimated in Hue based on the travel times of forthcoming events. This procedure allows an approximately 6-h ahead lead time, which is used for flood warning in the case of danger.
This study attempts to combine the merits of quantitative precipitation forecasting (as a hindcast at this time) and satellite rainfall measurements using a distributed hydrological model for flood simulation. Huong River basin is a demonstration basin within the Global Earth Observation System of Systems (GEOSS) and the Asian Water Cycle Initiative (AWCI). This paper is a step towards optimal flood management in the basin. Indeed, this effort is closely coordinated with future parallel tests planned by the NCHMF along with actual operation.
STUDY AREA
The Huong River basin is located in a coastal area of central Vietnam at latitude 16-17ºN and longitude 107-108ºE (Fig. 1) . The river system basin area in the Thua Thien Hue Province is 2830 km 2 and more than 80% of the area is made up of mountainous and hilly terrain. The average basin altitude is 330 m, the average basin slope is 28.5%, and the average basin width is 44.6 km. The basin has three main tributaries: Ta Trach, Huu Trach and Bo. The present study focuses on the 1600 km 2 basin delineated in Fig. 1 down to Kim Long station. The main river channel runs south-north, passing Hue then flowing into the Tam Giang-Cau Hai lagoon system. The topography of the basin changes rapidly from the upper stream down to the plain, and there is not really a transition area. This results in a high runoff in the rainy season with large floods and inundation across wide areas. The basin has recorded the highest rainfall in Vietnam, with more than 5000 mm per year in the mountainous part and 3000 mm per year in Hue (Villegas, 2004) . The Huong River is a major source of water for irrigated agriculture and aquaculture, and for industry and energy generation. Most inhabitants' livelihoods strongly depend on the availability of water.
METHODOLOGY
To capture the heterogeneity of the input data, a distributed hydrological model (DHM) was chosen. The data required for this model and the model structure are described below. 
Distributed hydrological model
A DHM was used to simulate the spatially distributed hydrological processes in the study area and the routing of water in the river network system. The DHM employed in this study is a grid-based geomorphology-based hydrological model (GBHM) as described by Yang et al. (2002a) , in which the computational unit is a geometrically symmetrical hillslope. This element is viewed as a rectangular inclined plane with a defined length and unit width. The inclination angle is given by the surface slope, and bedrock is assumed to be parallel to the surface. The hillslope element was introduced in detail by Yang et al. (2002b) . Since the GBHM is a physically-based hydrological model, it solves the continuity, momentum and energy equations using two modules. First, a hillslope module evaluates hydrological processes such as canopy interception, evapotranspiration, infiltration, surface flow, and subsurface flow, as well as exchanges between groundwater and surface water. The vertical plane is divided into several layers, including canopy, soil surface, unsaturated zone and groundwater layer. The actual interception is determined by the precipitation amount and the deficit of canopy water storage. The actual evapotranspiration is calculated as evaporation from canopy water storage, transpiration from the root zone, evaporation from surface storage and evaporation from the soil surface. The unsaturated zone is divided into several layers and the water flow is governed by the Richards equation. The equations for the saturated zone are mass balance and Darcy's law. Second, the water routing of the river network is determined using one-dimensional kinematic wave equations which are solved by finite-difference approximation. This simulation sequence is performed at each sub-basin. Moreover, every sub-basin is divided into a number of flow intervals considering the flow distance to the outlet. The flow interval length was defined as twice the simulation grid-cell size. The hillslope module updates surface runoff and subsurface flow that become the lateral inflow to the main river channel. The river flow routing module then conducts water gathered from each flow interval, from the source to the outlet along the direction of the main river channel, and this is lumped within each sub-basin.
Spatial data The first step in building the described model is to delineate the modelling area using a geographical information system (GIS). A 500-m grid aggregated from a 50-m grid digital elevation model (DEM) was employed as the starting point. The watershed delineated in Fig. 1 was divided into sub-basins according to size using the Pfafstetter scheme (Verdin & Verdin, 1999) . This scheme allows each sub-basin along the main river to be identified with a unique code number. The 50-m digital land-use data available for the region showed 12 categories, with evergreen forest and shrubs being dominant, representing 63% and 24% of the total area, respectively. The remainder of the land area was cropland, grassland and bare soil. The soil type was determined from the Food and Agriculture Organization global soil maps (FAO, 2002) , which include derived soil water parameters (available at: http://www.fao.org/AG/agL/agll/dsmw.stm). The data were then projected and masked to the delineated watershed, again using GIS tools. Thematic maps indicating, for example, surface terrain slope, topsoil depth and hillslope length, were next derived from the above-mentioned data. The distribution and depth of topsoil play particularly relevant roles in determining the simulated streamflow, since subsurface depths and initially saturated zones are defined by topsoil depth. For instance, forested areas with loose material and gentle slopes are most likely to have greater topsoil depths than other combinations (Saavedra et al., 2006) . The resulting values for topsoil depth ranged from 1 to 5 m, with an average of 2 m. Sub-grid parameterization was carried out using finer grid sizes of 100 and 50 m to consider the heterogeneity of land use and the length of hillslope elements, respectively, in a 500-m grid. In the case of land use, the percentage of coverage was applied. The total length of a hillslope in a 500-m grid was extracted from small hillslope lengths of 50-m grids according to Yang et al. (2004) .
Temporal data Once the spatial distribution of the area was established, time series data, including observed and forecast data, were prepared. The rainfall amounts recorded by the raingauge network (indicated with triangles in Fig. 1 ) were used as input data for the model. The values are taken daily and the coverage is relatively low. Besides observed values at the surface, satellite measurements by the Tropical Rainfall Measuring Mission (TRMM) were also used. The TRMM is a joint mission between the US National Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency to monitor and study tropical rainfall and energy exchange. The satellite has been in orbit for more than 10 years with different applications to date (Huffman et al., 2007) . Among all available TRMM products, 3B42 version 6 was used; this product includes calibration with monthly rainfall. Satellite observation data with 3-hour temporal resolution and 0.25º spatial resolution can be downloaded free of charge from http://gdata1.sci.gsfc.nasa.gov/daac-bin/G3/gui.cgi?instance_id=TRMM_3-Hourly. This webpage also allows interactive visualization of spatial and temporal sub-sets. The global-scale model (GSM) weather forecast provides, among other weather variables, quantitative precipitation, i.e. the grid-point value (GPV) at 1.25º spatial resolution issued every 12 h and recorded with different lead times. The data set is archived from July 2002 to the present. The GSM-GPV data are provided by the Japan Meteorological Agency and can be accessed from the archiving system at the University of Tokyo (http://gpv.tkl.iis.u-tokyo.ac.jp/GPV/). The regional rainfall forecast, now at an operational stage, uses the high-resolution regional model (HRM) originating from the global model of the German Weather Service (Deutscher Wetterdienst, DWD). An improved version for Vietnam has a higher model horizontal resolution of 14 km and uses 31 vertical levels, with the Betts-Miller-Janijc convection parameterization scheme (Vaidya & Singh, 2000) replacing that of the Tiedtke convection scheme (Tiedtke, 1989) . Forecast analysis is performed every 6 h and uses the global model of the DWD as the initial and time-dependent lateral boundary conditions. The forecast values were only calculated for the raingauge stations. Since the four input rainfall values introduced above are point data, as seen in Fig. 1 , they were spatially integrated using Thiessen polygons to obtain values at each simulation grid cell.
MODEL APPLICATION
The application targeted the rainy seasons of 2004 and 2006. The input data were prepared from the September-November period, as there were typhoons in this period. The time step of the hydrological model is 1 h; therefore, temporal downscaling was carried out from daily, 6-h and 3-h rainfall data. The hydraulic conductivities of the top soil layer near the surface and the groundwater hydraulic conductivity were calibrated by running the DHM from 1 October to 9 November 2004 using observed raingauge rainfall, as shown in Fig. 2 . The calibrating method was trial-anderror, comparing simulated and observed streamflow values. The actual water level during floods was measured at the stations rather than the streamflow itself being observed. Therefore, rating curves of the water level and flow were used. A relationship curve was then adopted using available measurements at Kim Long station:
where H is the water level (in cm) and Q is the river streamflow (m 3 s -1 ). The streamflow, simulated using different rainfall data, was compared to the observed values using the root mean square error (RMSE): (2) where Qsim and Qobs are simulated and observed streamflow, respectively, at each time step, and N is the total number of time steps -in this case, 53. The RMSE errors using raingauge, TRMM, HRM and GPV products are 133, 210, 150 and 136, respectively. The error values are high, but, considering the resolution of the data, they are acceptable. The initial conditions, including soil moisture and the groundwater level, were specified by running the model one month prior to the simulation period.
In order to validate the performance of the model using different sources of rainfall, the event of 22-28 September 2006 was also targeted. The model parameters were kept the same. Compared to the observations, the simulated streamflow using observed raingauge rainfall was found to be in close agreement, as displayed in Fig. 3 . The RMSE errors in this case, for raingauge, TRMM, HRM and GPV products, are 103, 109, 360 and 206, respectively. The error values from the observed data show better performance than those using forecast data, but the difference is small.
RESULTS
Within the monsoon season of 2004, the extreme flood peak event of 24-29 November 2004 was targeted. Four different types of rainfall data were used: raingauge recordings, observed satellite TRMM data, regional forecast HRM data with 6-h lead-time, and global forecast GPV data with 24-h lead-time. The simulation results from the Huong River basin were examined for the streamflow values derived using the observed water levels (Fig. 4) . As illustrated in Fig. 4 , the simulated flood peaks are overestimated compared to the observed peak. It was assumed in the hydrological model that the river embankment could hold a larger magnitude of simulated streamflow. However, in reality, the flow exceeds the embankment for , which corresponds to 2.76 m at Kim Long. The performance of simulated flow with HRM is close to that using observed data. Even though the GPV data underestimate the peak magnitude, they correctly identify the timing of the peak on 26 November. On that day, the simulated water level using raingauge rainfall data reached 5 m, as seen in Fig. 4 . Actually, the water-level measurements included inundation of the surrounding areas due to overflow and/or breach of the embankment. The overflow volume was calculated as 449 × 10 6 m 3 for the three days of the event. The model computing grid size used was 500 m, which is too coarse to analyse the flood situation downstream. Then, the available 50-m DEM was used to define the river network and flow direction in the plains. Kim Long station is located at an elevation of about 5 m a.s.l. A feature class was then set at every metre, as shown in Fig. 5 . The inundation zones identified are located downstream, and in surrounding areas with equal and lower elevations. The assumption here is that the major overflow source for inundation is at Kim Long and then water flows into Hue City. In this study, a water level for the corresponding elevation class was proposed (Table 1) . A weight was given to each class according to natural depressions, flow direction and tendency to pond. Basically, areas at elevations lower than the control point at Kim Long received a higher weighting and thus could expect a greater volume of water. The inundated volume could then be calculated using the second and third columns, with the water level in excess of 2.24 m estimated at Kim Long (i.e. the difference between 5.0 and 2.76 m; Fig. 4) . The results are given in the last column of Table 1 . The total inundation volume was 297.64 × 10 6 m 3 , while the overflow was -a difference of 151 × 10 6 m 3 . This 33% difference can be attributed to direct infiltration to the drainage system, topsoil, as well as other losses by evaporation and saturation processes.
DISCUSSION AND OUTLOOK
The application of flood simulations using regional and global rainfall forecasts showed good results, that are promising when compared to observed values. Besides raingauge data, satellite TRMM data were used as observed rainfall. Two types of scenario were analysed: (a) when the water level at a gauging station does not exceed the embankment height; and (b) when overflow takes places and measurements also include the surrounding inundation.
As expected, the regional forecast showed better performance than the global forecast, but the difference was small, as seen in Figs 2 and 3 and from the RMSE errors. Indeed, the simulated streamflow using global data also showed a flow peak of 2080 m 3 s -1 at Kim Long, corresponding to a height of 2.44 m (Fig. 4) . Therefore, a Level 2 flood warning would have been activated 24 h prior to the occurrence of the anticipated danger. Thus, the lead time at Hue City would have been extended up to 30 h, allowing proper countermeasures to be taken, such as initiating evacuation. This is an important advantage of using global forecasts for the specific heavy rainfall event in November 2004, and cannot necessarily be generalized. Similarly, simulated flow using the HRM forecast would enable the lead-time to be extended up to 12 h, and a Level 3 flood warning to be emitted. This should be confirmed by analysing more events in the future and continuing the exploitation of global forecasts. Simulated streamflow, obtained using observed satellite TRMM data, was found to be in good agreement with the ground-based measurements during the simulated flood peaks of 2004 and 2006. Therefore, in areas where no in situ measurements are available, TRMM data may be very useful in detecting extreme flooding events, in the spirit of the IAHS Predictions in Ungauged Basins (PUB) initiative (Sivapalan et al., 2003) . Again, these findings need to be validated with more events.
As rainfall intensity increases, the uncertainty of high streamflows is likely to increase. This was evident with the underestimation using GPV data, as seen in Fig. 4 . This uncertainty should be quantified and considered using a probability density function product based on information from previous observations. The Vietnamese government has started to improve the resolution and quality of the observations in the study basin, which will allow the uncertainty evaluation of the forecast data to be achieved.
The inundation areas were estimated using a 50-m DEM, and, hence, the calculation of the volume of the overflow at Kim Long station relied on the hydrological model. However, an assumption was made using weighting factors when estimating the water levels. This source of uncertainty can be reduced using a detailed topography survey and water level samples. Measuring water levels during extreme flood events within inundated areas at Hue is a difficult task, but it is very important to calibrate future flood simulations. Therefore, a simple network of water level measuring devices should be implemented downstream and in the areas surrounding Kim Long station for future research. Once the flood forecasting model has been established and preliminary inundation areas estimated, validation with satellite images are required. Multi-temporal image analysis during flooding periods should also be carried out. Next, with a complete flood inundation model, optimized flood warnings and evacuation planning can be achieved taking advantage of rainfall forecasts for real-time operations.
In order to implement the present findings in an operational setting, two Vietnamese forecast officers visited our Laboratory in Tokyo in November 2008 for two weeks to become familiar with the system. This enabled the developed system to be transferred to the Vietnamese Government under the GEOSS/AWCI framework. Feedback is expected to improve the flood management system, thus bridging the gap between research and operation. Actually, the objective of the GEOSS/AWCI is to promote integrated water resources management by making the information from the Global Earth Observation System of Systems (GEOSS) usable for addressing the common water-related problems in Asia, such as floods. The key points of the Asian Water Cycle Initiative (AWCI) are the convergence of satellite observations, data integration, open-source data policies, and capacity building. Under this initiative, not only river basins in Vietnam, but also those in Bangladesh, Indonesia and The Philippines are included in the cooperative framework to reduce the effects of flooding in South-East Asia.
